De novo assembly of human genomes is now a tractable effort due in part to advances in 
High-throughput sequencing has enabled the characterization of thousands of human genomes in 3 recent years; however, de novo high-quality assembly of many human genomes has remained 4 difficult. This is due, in part, to the limitations of short reads that are unable to traverse repetitive 5 elements longer than read length. Features such as segmental duplications, centromeres and 6 telomeres are difficult to assemble and are also associated with gaps and errors in the reference 7 genome assembly (Chaisson et al. 2015b ). Yet, repeats and segmental duplications compose 8 nearly half of the human genome, contain genes important to brain development (Dennis et al. 2012; Antonacci et al. 2014 ) and immune response (Watson et al. 2013 (Watson et al. , 2015 , and are therefore 10 vital to characterize in individual human genomes. Additionally, these loci often feature 11 polymorphic copy number variants making it difficult to fully characterize this variation using 12 reference-based methods that depend on a haploid consensus.
14
Technology advancements are making human de novo assembly a tractable problem. Long-read 15 sequencing technologies generated from single molecules that are free from amplification steps 16 have recently emerged as the frontrunners in advancing de novo assembly of complex genomes. maps. From this hybrid assembly, they achieve a scaffold N50 of approximately 31 Mb and a 27 contig N50 of 1.4 Mb with a total assembly size of 2.76 Gb. This is a nearly 2.5-fold 28 improvement of scaffold N50 over other high-throughput sequence de novo assemblies (Gnerre 29 et al. 2011) and a tenfold improvement of contig N50 over a recent Illumina-based de novo 30 assembly of the single-haplotype hydatidiform mole CHM1 (Steinberg et al. 2014a ). This hybrid 31 approach was also used to assemble a genome from a Chinese individual with contig N50 of 8.3 1 Mb, scaffold N50 of 22 Mb, and total assembly size of 2.93 Gb (Shi et al. 2016 ). However, these 2 assemblies are composed of sets of contigs that have not been scaffolded into chromosome 3 assemblies and do not represent haplotype-resolved genome sequences. 4 5 10x Genomics (10x) also recently published on their partitioning technology that generates a 6 novel data type known as "Linked-Reads" (Zheng et al. 2016 ). Briefly, high molecular weight 7 genomic DNA is partitioned into 100,000 droplets, barcoded, and then released from the allows for the production of a de novo diploid assembly from a single 10x library using the 16 
Supernova
TM assembler (Jaffe et al., in preparation).
18
By applying the latest advances in sequencing and mapping technologies we can now higher than the nucmer consensus accuracy due to slight differences in alignment methods. GRCh38.p2 consistent with other WGS assemblies that do not resolve segmental duplications 14 with BAC sequences.
16
We then aligned a set of 56,130 human RefSeq transcripts to GRCh38, Hs-NA19240-1.0, and assembly/software/pipelines/latest/output/generating). We generated two independent sets of 3 haploid FASTA files to represent the diploid assembly. As the assessment pipeline is not 4 prepared to deal with diploid assemblies, we aligned each haplotype separately as an independent 5 assembly (hap2.1 and hap2.2) ( Table 2 ). Overall, >98% of sequences aligned to the Hs- This suggests that Hs-NA19240-1.0 has collapsed sequences from paralogous gene copies and is 10 consistent with the second pass alignment analysis. This is consistent with other PacBio-based 11 assemblies that have been generated as part of a larger effort to generate high-quality human 12 reference assemblies (Schneider et al., in preparation). highly identical tandem duplications ( Figure S1 ). 
11
This is also reflected in the fact that there are more discordant clones placed on Hs-NA19240-1.0
12
(17,516) compared to GRCh38 (14,549) suggesting unresolved structural variation in the 13 assembly.
14 15
BAC Library

16
We created a BAC library (VMRC64) from NA19240 DNA. We identified 784 BAC clones 17 from five regions of known structural variation and/or gaps in the reference assembly and 18 selected 93 clones for sequencing (Table S3 ). In addition, we created 96 probes for 16 regions of (Table S3 ). We will be integrating these clone paths into the next iteration of the NA19240 21 assembly when they are finished to improve contiguity and resolve complex genetic architecture.
22
For example, there is a gap in Hs-NA19240-1.0 at the NBPF11 locus on chromosome 1 due to 23 highly identical segmental duplications in this region (Figure 2 ). BioNano data generated from NA19240 DNA material was aligned to GRCh38, Hs-NA19240- However, due to linear compression, the non-inserted allele is represented in Hs-NA19240-1.0, 9 and the insertion is called in this analysis.
11
Second, we used Assemblytics (Nattestad and Schatz 2016) to detect SVs directly from nucmer 12 alignments of homologous chromosome scaffolds of GRCh38 (alt plus decoy) and Hs-NA19240-13 1.0. We identified 12,029 SV events (indels, tandem and repeat expansions and contractions 14 16 >50bp) that affected a total of 7,156,888 bp (Table 4 ). There was a predictable enrichment for 1 ~300 bp indels that aligned to Alu sequences and for ~6kb indels that aligned to LINE elements. We then compared the SV calls from all three callers (Figure 3 (Table S4 ). The Primary contig N50 is 4.95Mb while the haplotig contig N50
15
is considerably smaller at 440kb.
17
We aligned the haplotigs to the Hs-NA19240-1.0 using nucmer and looked for places where the The general approach for genome analysis has been to utilize multiple resources to develop a 16 haploid reference genome assembly which is used to support population level genome analysis.
Reference-based analysis strategies allow scientists to align sequencing reads and call variants 18 relative to the reference and have been the cornerstone of genome analysis for over a decade. In this paper we describe our efforts to sequence and finish the genome of an African individual 17 that is highly contiguous, approaching the quality of a reference assembly. We used a 18 combination of sequencing and mapping technologies in addition to novel bioinformatic 19 algorithms to construct this assembly and characterize regions of high structural diversity.
20
Finally we use novel approaches to develop a haplotype-resolved assembly that more accurately 21 represents a diploid genome.
23
This de novo assembly is the first of five assemblies from Africa, Europe, China, and Puerto
24
Rico that we are working on towards the goal of adding more diversity to the reference genome.
25
We characterize these assemblies as "gold genomes", or highly contiguous representations of BWA-MEM will map short reads to a primary assembly and the alternative scaffolds (Li 2013).
20
The VG project has developed tools for creating and aligning to a graph and then calls variants graph reference assembly. In sum, the development of these novel tools complements our current 25 efforts to add diversity to the reference assembly via alternative loci. See Supplementary Methods and Table S6 for detailed BioNano library preparation methods. 
Reference-Guided Chromosome Assembly
18
The ranked alignments generated from an NCBI assembly-assembly alignment of WGS Versatile and open software for comparing large genomes. Genome Biol 5: R12. 
